Mammalian PASKIN, a PAS-serine/threonine kinase related to bacterial oxygen sensors 
INTRODUCTION
Adaptation to environmental changes is essential to all organisms for survival and evolution. This adaptation requires specific sensors coupled to signalling cascades.
While the sensing principles for some environmental parameters (such as light, sound, tension or temperature) are relatively well known, others are just being detected. Until recently, for instance, it has been unclear how mammalian cells sense oxygen. Even slight reductions in normal oxygen concentrations (hypoxia) can cause the induction of specific genes involved in mammalian oxygen homeostasis (reviewed in refs. 1, 2) . Under hypoxic conditions, hypoxia-inducible factors (HIFs) serve as transcriptional regulators of these genes. Under normoxic conditions, HIF-α subunits are bound by the von Hippel-Lindau protein (pVHL) and subjected to rapid ubiquitinylation and proteasomal degradation (3) . Binding of pVHL requires oxygenand iron-dependent prolyl-hydroxylation of a conserved proline residue of HIF-α, suggesting that a prolyl-4-hydroxylase serves as the oxygen sensor that regulates the stability of HIF-α subunits (4, 5) . However, because both the transactivation activity of HIF-α as well as the activity of many kinases are also regulated by oxygen concentrations (6-10), we postulate additional oxygen sensor(s) that regulate hypoxia-inducible phosphorylation of HIF-α.
In the nitrogen-fixing bacteria Bradyrhizobium japonicum and Rhizobium melilotti, the oxygen sensor is a histidine kinase termed FixL which under anaerobic conditions phosphorylates and thereby activates the transcription factor FixJ (11) .
The oxygen sensing domain of FixL is a so-called PAS domain, a versatile protein fold resembling to a left-handed glove that encloses a heme co-factor (12) . When oxygen is bound to ferrous heme, this domain is in the flattened "off" state, resulting in a change of the protein conformation and inactivation of the kinase domain. The Hofer et al.
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PAS domain is very often found in sensor proteins of archaea, bacteria and plant species, where the corresponding sensor proteins measure light, oxygen and reduction-oxidation (redox)-potentials. These PAS sensor proteins often contain kinase domains, allowing to link sensing with signalling. While the structure of the PAS domain is highly conserved, there is only little primary sequence conservation (reviewed in refs. [13] [14] [15] [16] .
In mammalian proteins, the PAS domains identified so far seem to serve primarily as heterodimerization interfaces of transcription factors involved in the xenobiotic response, circadian rhythm and hypoxic adaptation. In fact, both HIF-α and HIF-β subunits contain N-terminal PAS domains that are essential for heterodimerization. Because the PAS domain turned up again in signalling pathways related to sensor mechanisms, we wondered whether it might be evolutionarily conserved also in the sensing mechanism itself. We identified a single mammalian gene containing a PAS domain and a serine/threonine kinase domain.
Hofer et al. The mouse Paskin gene was cloned from a genomic λ phage library (kind gift of U. Müller, Zürich, Switzerland) prepared from DNA which has been isolated from the mouse strain 129Sv(ev)-derived embryonic stem cell line AB-1, partially digested with Sau3AI and ligated into the vector LambdaGEM-11 (Promega). This library was screened twice by plaque hybridization to gel-isolated probes derived from the mouse (resulting in the λ phage clones λP1 to λP21) or the human (λP22 to λP36) cDNA. The mouse probe was the 1386 bp SalI-NotI fragment from mouse IMAGp998H022323 and the human probe was the 1060 bp XhoI-BamHI fragment from human HA0/203, labeled by random-primed labeling with (α-32 P)dCTP (Hartmann). Positive λ clones were plaque purified, and the XhoI fragments were subcloned into pBluescript vectors (Stratagene). The Paskin gene was sequenced on both strands using automated sequencing procedures according to the instructions provided by the manufacturer (Applied Biosystems). Hofer et al.
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MATERIALS AND METHODS
Cloning
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RESULTS
Cloning of human PASKIN
With the aim of identifying mammalian proteins related to FixL, a BLAST search was 1.0 kb upstream of the first exon of PASKIN (Fig. 1B) .
Cloning of mouse PASKIN
The IMAGE clone 934321 (accession number AA544838) was identified by BLAST analysis and was obtained from an IMAGE clone depository. Sequencing of the insert revealed that it encodes 1.5 kb of the 3' end of mouse PASKIN beginning at exon 14. The insert was used as a probe to screen a genomic mouse λ phage library and 21 phage clones (λP1 to λP21) were isolated. This library was then re-screened using a human PASKIN 5' probe derived from the DKFZp434O1522 cDNA clone, resulting in 15 additional phage clones (λP22 to λP36). The location of the phage clones was mapped ( Fig. 1C ) and the mouse Paskin gene was sequenced on both strands by a combination of restriction fragment subcloning and primer walking.
The intron-exon structure is well conserved between the human and mouse genes (Fig. 1B) . The intron 5' and 3' splice sites of both genes conformed all with the GT/AG rule (22) . As deduced by sequencing of the plasmid pmPaskin-PCR1, containing part of the mouse cDNA, the only difference in the splice site locations is the presence of additional 5 bp at the end of mouse exon 9 and additional 208 bp at the beginning of exon 10 (numbering according to the human sequence). This results in additional 71 amino acids in the predicted mouse PASKIN sequence, and the assembled mouse cDNA encodes for a predicted protein of 1390 amino acids.
An alternative splice acceptor 21 bp downstream of the start of intron 14 was identified in both the human and mouse genes, leading to a 7 amino acid insertion in the serine/threonine kinase domain of KIAA0135 which is not present in other database entries of human PASKIN cDNAs. By sequence comparison with the tentative mouse genome sequence (Celera database), we found that the mouse Ppp1r7 gene (accession number AF067129) is located at a similar position relative to
Paskin gene as it is found in the corresponding human locus. Therefore, we predict the existence of an untranslated, short mouse first exon at a position similar to the human first exon (Fig. 1B) .
PASKIN is encoded by an evolutionarily conserved single-copy gene
As shown by Southern blot analysis, the human PASKIN PAS domain probe hybridized to a single band of the expected size with human genomic DNA, and cross-hybridized also with genomic DNA derived from several rodent species ( Fig.   2A ), making it suitable for screening the mouse λ phage library (see above). A detailed restriction mapping of mouse genomic DNA derived from 129 or C57Bl/6 strains and hybridization with a mouse probe resulted in bands of the expected size without polymorphisms between the two strains, suggesting that mouse Paskin is a single copy gene (Fig. 2B ). These data could be confirmed by recent database analyses of the human and mouse genome entries, which did not result in additional matches. Of note, the human PAS domain probe also cross-hybridized with genomic DNA derived from distinct bacterial species, including E. coli and B. japonicum ( Fig.   2C ), under the same hybridization stringency used for the human and rodent blots.
These results indicate evolutionary conservation of the gene encoding PASKIN.
Mammalian PASKIN is related to FixL
Using ProfileScan analysis, two N-terminal consensus PAS repeats, a PAS associated sequence in-between them, and a C-terminal serine/threonine kinase domain could be identified (Fig. 3 ). Human and mouse PASKIN are highly similar within these domains, but share less similarity outside of them. An alignment of Hofer et al.
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human and mouse PASKIN to the B. japonicum FixL sequence using the Clustalw program revealed sequence conservation of the PAS repeats (Fig. 3) . The FixL histidine kinase region weakly aligns to the long exon 10 of both human and mouse PASKIN, rather than to the serine/threonine kinase regions (Fig. 3) .
PASKIN is ubiquitously expressed
Northern blot analyses were performed to determine the mRNA size and the expression pattern of PASKIN in both adult and embryonic mouse tissues. As shown 
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